Comprising over half of all described species, the hexapods are central to understanding the evolution of global biodiversity. Direct fossil evidence suggests that new hexapod orders continued to originate from the Jurassic onwards, and diversity is presently higher than ever. Previous studies also suggest that several shifts in net diversification rate have occurred at higher taxonomic levels. However, their inferred timing is phylogeny dependent. We re-examine these issues using the supertree approach to provide, to our knowledge, the first composite estimates of hexapod order-level phylogeny. The Purvis matrix representation with parsimony method provides the most optimal supertree, but alternative methods are considered. Inferring ghost ranges shows richness of terminal lineages in the order-level phylogeny to peak just before the end-Permian extinction, rather than the present day, indicating that at least 11 more lineages survived this extinction than implied by fossils alone. The major upshift in diversification is associated with the origin of wings/wing folding and for the first time, to our knowledge, significant downshifts are shown associated with the origin of species-poor taxa (e.g. Neuropterida, Zoraptera). Polyneopteran phylogeny, especially the position of Zoraptera, remains important resolve because this influences findings regarding shifts in diversification. Our study shows how combining fossil with phylogenetic information can improve macroevolutionary inferences.
INTRODUCTION
One of the major aims of the field of macroevolutionary biology is to describe and explain differences in species richness across taxa (Barraclough et al. 1998; Nee 2001) . Because over half of described species belong to just one class of organisms, the hexapods (insects and their sixlegged kin such as springtails) (Grimaldi & Engel 2005) , understanding the evolution of species richness in this taxon is a substantial contribution to understanding the forces that shape global biodiversity (Labandeira & Eble 2002; Mayhew 2002) . A central part of explaining the diversity of speciose groups involves identifying when major clades originated, and changes in the rate of production of new lineages. Knowing when major clades originated can help to identify potential environmental or other causes of adaptive radiation. The same goes for identifying shifts in the rate of diversification, which can help test ideas about potential key evolutionary innovations (Barraclough et al. 1998; Davis et al. 2009 ).
The hexapods comprise 46 orders, living and extinct, many of which are familiar groups such as the Coleoptera (beetles), Diptera (true flies) and Lepidoptera (butterflies/moths) (Grimaldi & Engel 2005) . Some morphological or developmental traits are shared by several, but not all orders, through common descent (synapomorphies), and are hypothesized to have increased the rates of diversification in those groups that share them, potentially making these traits key evolutionary innovations. Such innovations include external mouthparts, wings, wing folding and complete metamorphosis (Mayhew 2007) .
Comparing species richness between sister groups provides potentially powerful tests of such key innovation hypotheses (Nee et al. 1994) . However, because comparisons at deep nodes can depend on the relationships towards the tree tips (the trickle-down effect, see §2), such analyses require a phylogeny containing all the higher taxa in the group under consideration (Davies et al. 2004; Hunt et al. 2007 ). Yet, phylogenies containing all hexapod orders are rare and are based on only subsets of available evidence such as a particular gene (Yoshizawa & Johnson 2005) , or specific morphological characters (Beutel & Gorb 2001) , with different studies suggesting different relationships, complicating the analysis considerably (Mayhew 2002) . A useful tool would therefore be a single tree of hexapod relationships summarizing all the existing phylogenetic evidence. Such trees are now routinely produced for similar evolutionary analyses using supertree methods, which use existing phylogenetic topologies as their input data (Bininda-Emonds 2004) .
Previous work on the times of origin of the hexapod orders has focused on documenting the appearances of the first fossil of each (Jarzembowski & Ross 1996) . The oldest hexapod fossil is a collembolan from the Early Devonian (approx. 400 Ma) (Whalley & Jarzembowski 1981) , and some molecular dating matches the fossil evidence for this (Gaunt & Miles 2002) . Many orders are first documented from the Palaeozoic, and, following the apparent extinction of several orders at the ends of the Permian and Triassic, a number of other orders are then first documented from the Jurassic, Cretaceous and Cenozoic, suggesting a continuing diversification of major body plans, perhaps driven by the diversification of other terrestrial taxa that dominate modern ecosystems such as angiosperms, birds and mammals (Labandeira & Eble 2002) . However, evidence also suggests that the fossil record of arthropods is relatively poor (Wills 2001) , and it is currently unclear how much this continuous rise in order richness reflects the true continuing diversification pattern rather than an incomplete fossil record. Phylogenies provide a useful tool for detecting gaps in the fossil record because sister clades should have identical origination dates (Norrell 1992) . Discrepancies between the dates of first fossil appearances of sisters therefore either suggest that the phylogeny is inaccurate (which is refutable) or that the clade that appeared later actually existed before this but has not been discovered (Norrell & Novacek 1992) , hence that the number of lineages rose earlier than the fossil data alone suggest.
Here we use the first (to our knowledge) composite estimates of the phylogeny of all 46 hexapod orders to identify significant shifts in the net rate of cladogenesis, and to find to what extent the first fossil finds of several hexapod orders that date from after the Palaeozoic represent true lineage originations rather than an incomplete fossil record.
MATERIAL AND METHODS

(a) Taxonomy
The taxonomic nomenclature of Grimaldi & Engel (2005) was used for consistency (see hexapod order names and traditional taxonomy in the electronic supplementary material). The orders Blattaria (cockroaches), Mecoptera (e.g. scorpionflies) and Psocoptera (e.g. barklice) may be paraphyletic to Isoptera (termites), Siphonaptera (fleas) and Phthiraptera (lice), respectively (Lyal 1985; Whiting 2002; Grimaldi & Engel 2005; Inward et al. 2007 ), but were treated here for convenience as monophyletic, as in the majority of order-level phylogenetic and fossil treatments. Regardless, whether these are treated as paraphyletic or not, our overall conclusions are unaffected. The Hexapoda are also treated as monophyletic. While some recent evidence suggests they may be polyphyletic with respect to crustaceans (Nardi et al. 2003) or mutually paraphyletic with crustaceans (Cook et al. 2005) , there is still much evidence that hexapods are monophyletic (Regier et al. 2005; Mallatt & Giribet 2006) . For molecular studies, with terminal taxa at the species level, these species were assigned to their respective orders.
(b) Input trees Input trees were searched for online (Web of Science, Google Scholar) using the following keywords: insect*, hexapod*, holometabol*, endopterygota*, neoptera*, paraneoptera*, apterygota*, pterygota*, orthopter*, hemimetabola*, dictyoptera*, neuropter*, dicondylia*, entognatha*, ectognatha*, phylogen*, cladistic, cladogram. (*where any word begins with those letters). The reference sections of these studies were also searched for more potential source studies. Because Hennig (1969) is considered a major landmark on the phylogeny of hexapod orders, only studies carried out post-1969 were considered. A cut-off date of November 2007 was used. We discuss more recent studies below. All the phylogenies analysed attempted primarily to assess hexapod orderlevel relationships and include at least three ingroup taxa. We also omitted taxonomies (Richards & Davies 1977 ), reviews (Kristensen 1981) and trees that authors state should not be used as a reliable phylogeny (Carmean et al. 1992) . A total of 76 potential input trees met these criteria (see input trees in the electronic supplementary material).
It is an inevitable downside of supertree analysis that more phylogenies will be published after analysis has begun. As an addition to this study, the literature was scoured post-diversification analysis for more recent papers, the input trees taken from these and data non-independence accounted for. The supertree analysis was re-run with the method producing the most optimal supertree ( §2c) to see whether there is a change in the topology (see updated Purvis matrix representation with parsimony (MRP) supertree in the electronic supplementary material).
(c) Supertree methods In the absence of compelling reasons to choose a single supertree method, we applied several to assess the sensitivity of the results. As the best-characterized and most widely used method, standard MRP (Baum 1992; Ragan 1992 ) was used for a series of initial analyses, in which the dataset was refined (see dataset refinement in the electronic supplementary material). Five other supertree methods were also implemented: Purvis MRP (Purvis 1995) , matrix representation with compatibility (Ross & Rodrigo 2004) , matrix representation with flipping (Eulenstein et al. 2004) , the most similar supertree method or distance fit (Creevey et al. (2004) , and the average consensus (Lapointe & Cucumel 1997) . We avoided using agreement supertree methods (Bininda-Emonds 2004) because they only identify relationships common to all input trees, providing little information when the many competing hypotheses of hexapod phylogeny are taken into account. Software and settings for supertree analysis are provided in the electronic supplementary material. The initial dataset of 76 input trees was then refined to minimize data non-independence, leaving 58 trees for the final analyses (see dataset refinement in the electronic supplementary material).
The V index (Wilkinson et al. 2005 ) was used to assess support for supertree relationships, as was the more liberal Vþ modification of the V index, which considers polytomies as support. These indices work on a scale from 21 to 1, where negative values indicate more disagreement than agreement between a relationship in the supertree and its constituent input trees, and positive values indicate more agreement. V scores were calculated using 'stsupport' (http://taxonomy. zoology.gla.ac.uk/%7Ejcotton/software.html). Supertree bootstrapping (Burleigh et al. 2006) is not applicable to our dataset given the low representation of some taxa in the input tree set (Moore et al. 2006) .
Trees produced by the different methods were assessed by their overall consistency with the underlying input trees. Diversification analyses were applied to the Purvis MRP tree as the best-supported phylogeny, and to explore alternative but well-supported topologies, also to a consensus of the four matrix-based methods (figure 1), which all produce relatively well-supported trees in contrast to the two distance-based methods. As the method producing the most optimal phylogeny, Purvis MRP was used to analyse the updated set of input trees. The resulting supertree is shown in figure 2.
(d) Taxon age For each order, a minimum first appearance date from the fossil record was obtained (see minimum first appearance dates for fossils of each hexapod order in the electronic supplementary material) using Ross & Jarzembowski (1993) , and the online fossil insect database 'EDNA' (Mitchell 2007) . A minimum first appearance date corresponds to the latest date in the first rock stratum a taxon is identified in. They are conservative estimates and are used for assessing order lineage richness over time ( §2e). To provide a sensitivity analysis, maximum first appearance dates (i.e. the earliest date in the first rock stratum a taxon is identified in) are also taken and the effect of this is considered.
The age of the oldest family of each order was used as a proxy for that of the order, removing doubt over specimens that are not confidently assigned to families. Ghost ranges were added for orders with older sister taxa. The time scale of Harland et al. (1990) , as used by Ross & Jarzembowski (1993) , was used. Recent changes to this time scale only have a significant effect on periods earlier than those considered here.
The fossil record of three orders, Blattaria (cockroaches), Mecoptera (scorpionflies) and Trichoptera (caddisflies), may actually represent the stem of more inclusive clades (Grimaldi & Engel 2005) . For these orders, the minimum first appearance date for the 'stem' and 'crown' were recorded. The problematic fossil order Miomoptera was considered in two different positions within the Panorpida; first as the most basal panorpidan order. This is most stratigraphically congruent and has no effect on the ranges of the other panorpidan orders. Second, it was also placed where it causes the greatest effect on the extension of ranges, as sister to Strepsiptera. This results in eight possible scenarios based on the supertree topology (i.e. Purvis MRP or four-method consensus and alternative positions of Miomoptera) and whether or not stem or crown dates are used for Blattaria, Mecoptera and Trichoptera.
(e) Diversification analyses Using the fossil record, order-level richness over geological time is assessed, in the same manner as previous studies ( Jarzembowski & Ross 1996; Jarzembowski 2003) . We also investigate the effects of including ghost range information by assigning each lineage the age of the earliest fossil of it or its sister group. There are several ways to define an Hexapod diversification R. B. Davis et al. 1599 order based on how we attribute taxonomic rank. One can simply attribute taxonomic rank as a result of a sister-group relationship regardless of the level of morphological distinctiveness or species richness. Alternatively, it can be argued that new orders should only be established when a group of organisms is sufficiently distinct in morphology from other groups (Smith 1994 is possible that the missing representatives of these lineages would not be sufficiently distinct under the latter definition, and therefore would only meet the former definition. Essentially, we consider stem lineages of orders here when we consider the origination of an order, and to avoid confusion do not refer to these simply as orders, but rather as lineages or branches leading to orders.
To assess where significant upshifts and downshifts in diversification have occurred across the hexapod tree, comparisons of sister-group species richness were made for each node across both phylogenies. Assuming that sister taxa radiated (allowing for extinction) at equal, but not necessarily constant, rates over time (Nee et al. 1994) , all possible splits of N species between these two clades are equally likely (Farris 1976 ). The two-tailed probability of an equal or greater magnitude of split under the null model is given by 2[N small /(N small þ N large 2 1)]. Care must be taken when attributing significant differences in species richness between sister clades to shifts in diversification, because seemingly significant differences at a basal node may be attributable to such occurrences towards the crown (i.e. a 'trickle-down' effect). The approach of Davies et al. (2004; also Hunt et al. 2007 ) is used to remove such effects (see the method of Davies et al. (2004) for countering the trickle-down effect in the electronic supplementary material). The adjustment of species richness in this way has proved to be statistically robust in simulation studies (Moore et al. 2004) . Alternative methods for detecting diversification exist, but are not applicable to this study: for example that of Chan & Moore (2005) requires the phylogeny to be relatively complete at species level, while that of Rabosky et al. (2007) is designed to detect the position at which a single shift is most likely, rather than multiple shifts. Described species numbers for each order were taken from Grimaldi & Engel (2005) (table 1) .
RESULTS
(a) Origin, extinction and diversity of orders Using the fossil record alone, order richness rises rapidly during the Carboniferous and Permian peaking at 26, with extinctions at the end of the Permian and Triassic. Richness then rises through the Mesozoic and Cenozoic, peaking at present with the 33 extant orders (figure 3).
With ghost ranges implied, important differences emerge ( figure 3 and table 2 ). The greatest difference sees the Protura branch of the tree, which lacks any fossil record, extending back to the Devonian when their sister order Collembola originate. The Embiodea, Mantophasmatodea and Phthiraptera branches have their ranges extended from the Cenozoic to the Palaeozoic, and those of Dermaptera, Hymenoptera, Phasmatodea, Siphonaptera, Titanoptera, Zoraptera and Zygentoma have their ranges extended back from the Mesozoic to Palaeozoic. When stem dates of the appearance of the first fossils for all orders are used over crown dates, the same is the case for the Lepidoptera, Isoptera and Mantodea lineages, and if Miomoptera is considered in a crownward position, the ranges of Diptera and Strepsiptera branches also extend back to the Palaeozoic. In total, 20 -23 terminal branches of the order tree (depending on the use of stem/crown dates and the inferred position of Miomoptera) have their ranges pulled back beyond their appearance date of their first fossil (see lineage richness curves of lineages leading to orders under different phylogenetic hypotheses and dates in the electronic supplementary material). The largest increase in richness occurs in the Carboniferous (23 -30 branches emerge, not just the 14 -16 that have first fossils of this age). Richness of order branches peaks at the end of the Permian, instead of the present, at 37 -44, of which 11 -16 are inferred to have originated where no fossil evidence is known ( figure 3 and table 2 ). The effect of using maximum first and last appearance dates does not alter our findings greatly. Although the end-Permian extinction appears less severe still (a net reduction of three lineages), five lineages are shown to go extinct here, but this coincides with the origination of Mecoptera and Siphonaptera (figure 3). Furthermore, using the updated tree (figure 2) does not affect the overall conclusions either, with 20 terminal lineages that would have their ranges pulled back based on sister-group relationships.
(b) Significant shifts in the net rate of cladogenesis The two supertrees show considerable similarities in the shifts identified but also some interesting differences (figure 1 and sister-group species richness comparisons in the electronic supplementary material). Both show net-diversification shifts associated with Diptera and Strepsiptera (probably an upshift in Diptera and a Hexapod diversification R. B. Davis et al. 1601 downshift in Strepsiptera), downshifts associated with the origin of Neuropterida (i.e. Neuroptera þ Megaloptera þ Raphidioptera), and with Zoraptera, one or more downshifts in the clade containing Mantophasmatodea and Grylloblattodea, and one or more upshifts associated with deep nodes. Different positions of some of these shifts are owing to differences in tree topology. In the four-method consensus, the deepest upshift is detected at the origin of Neoptera. The Purvis MRP tree, offers an alternative scenario showing two shifts along the backbone of the hexapod tree: at the origin of Pterygota, and at the origin of Eumetabola þ Zoraptera. Zoraptera universally registers as a significant downshift despite differing in position on the two trees. The same is true of Mantophasmatodea and Grylloblattodea. In the Purvis MRP tree, the latter orders form a clade with Dermaptera, and together these are sister to the Dictyoptera (i.e. Blattaria þ Isoptera þ Mantodea). Consequently, significant downshifts are inferred within the ancestor of the three orders as well as Grylloblattodea.
In the four-method consensus, a downshift is only inferred among the ancestor of Mantophasmatodea and Grylloblattodea. In the updated Purvis MRP tree the same major shifts occur as in the original Purvis MRP tree, but there is also a possible upshift identified at the origin of Eumetabola alone in addition to the downshift in Zoraptera (figure 2).
DISCUSSION
In contrast to previous, purely fossil-based, studies, which show order-level diversity reaching an all time high in the present day, richness of terminal branches in the order phylogeny peaks in the Permian. Therefore, many first fossil appearances of orders later than this do not imply later lineage origination but rather reflect an incomplete fossil record. Consequently, many more such lineages survived the end-Permian extinction than fossils alone suggest. We also detect reductions (downshifts) in the Table 2 . Originations and extinctions of lineages leading to orders using minimum first/last appearance dates. The phylogeny-based originations correspond to figure 3. (Note, there is a difference between extinctions (i.e. last appearances) and first absences. For example, at the end of the Permian, in a phylogenetic context, 33 orders are recorded as existing immediately prior to the extinction. This includes those five orders that go extinct. net rate of cladogenesis, as well as increases (upshifts), of which several are identified for the first time.
(a) Order lineage richness through time The great advantage of placing the fossil record in a phylogenetic context is that ghost ranges are implied, and for hexapods they push the ranges of at least 20 terminal branches of the order-level tree earlier than appearances of their first fossils. Hexapod order lineage richness increased substantially through the Carboniferous. During this period 23-30 lineages leading to orders originated. Lineage richness was highest immediately before the Permian mass extinction. Before this extinction 37-44 such lineages had some representation: 4-11 more (12-15%) than at present. This is contrary to previous findings that used only fossil first appearance dates (Jarzembowski & Ross 1996; Jarzembowski 2003) , but our finding agrees with recent molecular studies that places the origin of Holometabola in the Carboniferous (Wiegmann et al. 2009) . Placing diversity in the phylogenetic context helps eliminate the varying effects of taphonomy between strata and poor preservation potential of certain groups, which plague studies of fossil diversity (Ponomarenko & Dmitriev 2009 ). Although it is obviously a more serious issue for taxa, like insects, with relatively poor fossil records, our study suggests that other studies of biodiversity through time could benefit from combining fossil with phylogenetic information.
The two major extinction events we note agree with previous findings, but previous studies have probably underestimated how many lineages survived the mass extinction events of the Permian and Triassic. Our trees suggest that 11-16 more lineages survived the Permian mass extinction than implied by first fossils of orders alone, including those leading to the Hymenoptera and possibly Lepidoptera and Diptera, and that 10-12 of these, previously not shown to exist pre-Triassic (including Lepidoptera), would have survived through the Triassic too.
Thus our data suggest that this extinction affected proportionally fewer hexapod lineages than the fossil record alone suggests, a fact that may be important in future studies of extinction-selectivity, or in general when studying the environmental causes of extinction severity (e.g. Mayhew et al. 2008) . The same is true of the Triassic mass-extinction, because many more lineages are here shown to survive this event than the fossil evidence alone suggests. A small post-Permian recovery is identified in the scenario when crown-group dates are used, and with Miomoptera in a position basal to the other Panorpida. These are more conservative assumptions than applying stem dates, or placing Miomoptera higher up the tree without any hard evidence. Based on the more conservative assumptions that we are more comfortable with, we suggest a small recovery occurred at the beginning of the Triassic, and this relates to the origin of crown-group Mecoptera and Siphonaptera (figure 3 and table 2). Additionally, because the dating method used here is conservative (because in reality both, not just one, of two sister lineages have incomplete fossil records), the discovery of earlier fossils for particular orders or using more liberal dates will only strengthen the hypothesis presented here that diversity was higher before the Permian and Triassic mass extinctions.
(b) Shifts in net cladogenesis Of the individual hexapod orders often considered to be highly diverse, our analyses suggest that only the Diptera represent a significant upshift in diversification (figure 1). The Diptera have arguably a greater ecological diversity than any other order (Grimaldi & Engel 2005) . Any upward shift here could be assigned to mouthpart and feeding strategy diversity within this order (Labandeira 1997; Grimaldi & Engel 2005) . Key innovations could include brachyceran larval mouthparts adapted for predation and pseudotracheae in brachyceran adult mouthparts, enhancing liquid-feeding (Grimaldi & Engel 2005) . Diptera are also recognized by their halteres (club-like hindwing modifications, aiding flight stabilization), but haltere-like structures have evolved in other orders too (Grimaldi & Engel 2005) . Low diversity in Strepsiptera could be a result of their move to a specialized parasitic lifestyle (Grimaldi & Engel 2005) .
The Coleoptera, have long been regarded as significantly species rich (Farrell 1998) . However, our analyses suggest otherwise. The Coleoptera are not significantly more species rich than the remaining Holometabola, which form the sister group to them and their sister group Neuropterida. Downshifts have been reported within Coleoptera in addition to upshifts (Hunt et al. 2007 ). Their richness is owing to events or innovations experienced at the origin of a much more inclusive clade. Instead it is the Neuropterida which have undergone a significant downshift in radiation. Neuropterida are a relict lineage of holometabolous insect, which had much greater diversity in the past (Grimaldi & Engel 2005) , suggesting that higher extinction rates may have contributed to this downshift. Furthermore, none of the other hyper-speciose orders of hexapods (Hemiptera, Hymenoptera, Lepidoptera) are shown to have undergone a significant increase in diversification (figures 1 and 2).
The Zoraptera experienced a significant reduction in diversification. Why this enigmatic group is so speciespoor is uncertain: their biology is still poorly known (Grimaldi & Engel 2005) . The phylogenetic position of Zoraptera is also important to resolve. It influences our findings relating to the deeper shifts in hexapod diversity: in the four-method consensus tree (figure 1b), the deepest significant upshift occurs at the origin of Neoptera (wing folding). Wing folding has been cited previously as a key innovation in the evolution of hexapods, allowing better use of an environment while storing and protecting their wings, especially perhaps in the case of tight spaces for example under bark or leaf litter (Grimaldi & Engel 2005) . However, in the Purvis MRP tree (figures 1a and 2), the origin of Eumetabola þ Zoraptera represents a significant upshift in radiation and consequently the deepest increase is shifted back to the origin of Pterygota (wings). The evolution of wings is another key innovation cited for the success of hexapods and the ability to fly would have enabled higher dispersal, the use of novel micro-habitats and enhanced ability to escape a predator (Grimaldi & Engel 2005) , all of which might raise speciation rates or lower extinction rates (Mayhew 2007) .
The character matrix of Wheeler et al. (2001) indicates there are two morphological characteristics shared between the Zoraptera and Eumetabola: fusion of the media and radia in the wing, and cryptosterny (invagination of the thoracic sternal area). However, the effects of these on speciation and extinction rates are unknown. Mayhew (2002) suggested a shift somewhere between the origins of Neoptera and Eumetabola, which is consistent with our findings.
A significant downshift relating to the orders Mantophasmatodea and Grylloblattodea has also probably occurred. Their phylogenetic positions are not well constrained, but both are relict orders, having a previously wider distribution (Vrsansky et al. 2001; Engel & Grimaldi 2004 ).
(c) Hexapod phylogeny The phylogenies presented here (figure 1) provide, to our knowledge, the first estimates of the relationships of all hexapod orders combining current information. Many areas of hexapod phylogeny are well supported by supertree analysis, particularly basal apterygote, palaeopteran and paraneopteran relationships. Phylogenetic uncertainty still remains within Polyneoptera, and especially regarding the position of Zoraptera, which affects our findings concerning comparisons of species richness of sister groups. Holometabolan relationships are mostly well supported, but a notably poorly supported relationship is that of Hymenoptera to the Panorpida (i.e. Mecoptera, Siphonaptera, Lepidoptera, Trichoptera, Diptera, Stresiptera), requiring further study.
In the updated analysis (figure 2), while Diptera remain as the sister group to Strepsiptera, the Hymenoptera are recovered as the basal holometabolan lineage. Furthermore, the 'Polyneoptera' emerge in this analysis as four clades in a paraphyletic lineage, although Zoraptera remain sister to Eumetabola, and Diplura fall within a monophyletic Entognatha, and are no longer sister to Insecta. These changes in the topology have no effect on what we identify to be key innovations relating to significant shifts in diversification.
(d) Conclusions Our analyses predict that the fossils records of several terminal branches of the order-level phylogeny could potentially be extended backwards considerably in the future by new fossil finds, at least in the stem-group form, and correspondingly that survival of hexapod lineages across the Permian -Triassic and TriassicJurassic boundaries were greater than implied by studies that use fossils without an explicit phylogenetic context. This may have important implications for future extinction and origination studies. Our analyses support the suggestion that the origin of wings or wing flexion played an important role in hexapod diversification. Regarding individual orders, we identify the Diptera, Neuropterida, Zoraptera, Strepsiptera, Grylloblattodea and Mantophasmatodea as worthy of more in-depth macroevolutionary analysis. The shifts in diversification rates associated with these higher taxa may well have occurred anywhere within these clades, and only analyses at finer taxonomic scales can identify their exact timing. R.B.D. was supported by BBSRC PhD studentship BB/ D527026/1. We thank James McInerney, Davide Pisani and Mark Wilkinson for advice regarding supertree methods, Andrew Ross for providing the unpublished supplements to Ross & Jarzembowski (1993) , and Andy Purvis and two anonymous referees for comments.
